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Relationships for permeability of kaolinite versus degree of 
saturation and permeability versus flow are developed for 0.005 N 
calcium sulphate, xylene and aniline permeants using the triaxial flex­
ible wall permeameter. The clay was statically compacted at degrees of 
saturation of 50%, 75% and 100%. A gradient of 277 was used for the 
permeability tests.
The initial degree of saturation was inversely related to the 
permeability of the clay. Saturated clay samples were found to be 
virtually impervious to aniline and xylene. As the degree of 
saturation decreased, the permeability increased with the initial 
volume of flow equivalent to the volume of air space, thereby 
saturating the sample. Subsequent flow occurred at a stabilized 
permeability. The stabilized permeability is independent of the 
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I. INTRODUCTION
In recent years much time, money, and energy have been spent 
evaluating soils exposed to hazardous chemicals. Much of the attention 
stems from the disposal of hazardous waste in landfills. In most 
cases, these landfills are lined with clay prior to the disposal of the 
hazardous material. The condition of the clay liner must be thoroughly 
evaluated if any seepage into the natural groundwater system is to be 
prevented. The principle physical property controlling the performance 
of a clay liner is the soil's permeability, which controls the rate of 
fluid flow through the soil. This report documents research into the 
effects of degree of saturation on the permeability of a compacted clay 
subjected to organic solvents.
A. NATURE OF THE PROBLEM
Since all clay liners are permeable to a certain extent, the rate 
at which they are leaking and their resistance to increases in 
permeability when exposed to the leachate are of extreme importance 
(Anderson, 1982).
The evaluation of a soil's permeability normally involves 
permeating a soil sample when the soil's voids are filled with liquid 
(saturated). The test is done in this manner because it is believed 
that a soil is most permeable when saturated due to the absence of air 
bubbles impeding flow. The degree of saturation has a major effect on 
the permeability of a clay. Some researchers (Hamilton, et. al.,
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1981) have shown permeabilities to be significantly lower for 
unsaturated soils than for saturated soils.
Understanding the effect of the degree of saturation on 
permeability is important when relating the performance of laboratory 
samples to the prospective performance of a liner. While permeability 
tests are performed using a saturated sample, the clay liner is 
compacted in an unsaturated condition in order to meet moisture and 
density requirements and accomodate compaction equipment. Therefore, 
it is reasonable that the unsaturated permeability will be important at 
least during the initial stages of permeation.
The leachate, or permeant, plays a significant role in the per­
meability of the clay liner. The choice of aniline and xylene as 
leachates in this research was influenced by their prevalence in 
industrial waste products. Previous research (Uppot, 1984) has shown 
saturated kaolinite to be nearly impervious to aniline and xylene. The 
low permeablity was attributed to the interfacial energy across the 
permeant-pore fluid interface. By testing the same kaolinite but in an 
unsaturated state, it was hoped insight would be gained into the 
effects of the degree of saturation and interfacial energy on the 
permeability of compacted kaolinite.
B. SCOPE OF THE RESEARCH
The scope of the research was to determine the effects of varied 
degrees of saturation on the permeability of compacted kaolinite. The 
kaolinite was statically compacted at moisture contents resulting in
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degrees of saturation of approximately 50%, 75%, and 100%.
The permeants used were xylene, aniline and 0.005 N CaSO^. The 
objectives of the research were as follows: 1) To determine a relation­
ship between permeability and flow for the three permeants. 2) To 
determine a relationship between the degree of saturation and 
permeability. 3) To evaluate the effect of a permeant’s solubility in 
water on permeability.
II. LITERATURE SURVEY
There are many factors influencing a soil’s permeability. Seven 
factors that play a major role in clay-water system behavior when 
subject to permeation will be discussed in this section. They are: 1) 
the structure of the clay mineral; 2) ion exchange; 3) the adsorbed 
layer; M) the diffuse double layer; 5) the structure of the clay 
mass; 6) clay-permeant reactions and; 7) fluid flow through soil.
A. STRUCTURE OF THE CLAY MINERAL
Clay minerals fall into two basic groups based on the composition 
of the mineral. Two layer clays include kaolinite and halloysite. The 
three layer clays include montmorillonite, vermiculite and illite (the 
first having an expanding lattice structure). A third group are the 
mixed layer clays which are a combination of the two and three layer 
minerals.
The two layer clay minerals are composed of a silica tetrahedral 
sheet and either an aluminum or magnesium octahedral sheet. The unit 
cell of the three layer minerals consists of an aluminum or magnesium 
octahedral sheet sandwiched between two silica tetrahedral sheets.
These unit cells may be stacked closely together or water layers may 
intervene (Mitchell, 1976).
The sheets are held together by very strong valence bonds.
However, the bonds between the unit cell layers can be of several
5
types and may be influenced by physical and chemical changes in the 
environment.
During the genesis of the clay mineral, the substitution of a 
structural cation by a more readily available cation of equal size 
occurs. This process is termed isomorphous substitution. If the 
cation is of lower valency, a net negative charge results. Isomorphous 
substitution occurs in all clay minerals with possible exception of the 
kaolinites. Free cations are attracted and held to the surfaces, the 
edges, and, in some clays, between the unit cell layers, to balance 
this charge deficiency. The attraction of the cations into the 
interstitial spaces is the major cause for shrinking and swelling in 
some clays.
Little isomorphous substitution occurs within kaolinite yet 
exchange capacities typically range from 3 to 15 milliequivalents per 
100 grams (meq/100g) as compared to that of montmorillonite (100 
meq/100g). It is thought that this charge deficiency is a result of 
broken bonds around the particleTs edges (Grim, 1968). Considerable 
evidence exists that kaolinite particles are actually charged 
positively on their edges when in an acidic environment but negatively 
charged in an alkaline environment. Low cation exchange capacitites 
(CEC) measured under low pH conditions when edges are positively 
charged indicates some isomorphous substitution exists as well 
(Mitchell, 1976). Since the primary source of charge deficiency is on 
the particle edges and not within the the lattice structure, kaolinite 
is resistant to interlayer swelling. Its low exchange capacity limits 
its reactivity with regard to ion exchange.
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B. ION EXCHANGE
The process in which adsorbed ions are replaced in clay- water 
systems is termed ion exchange. Ion exchange is the principle means by 
which clay interacts chemically with its surrounding environment to 
balance its charge deficiencies. Adsorption of ions and hydration of 
some adsorbed ions occurs near the source of the charge deficiency.
The exchance capacity in minerals such as kaolinite and illite is 
derived primarily from the broken bonds and therefore increases with 
decreasing particle size (Grim, 1968). Minerals with broken edges, 
such as kaolinite, have roughly equal cation and anion exchange 
capacities under slightly alkaline conditions (pH 8.5). Clays that 
have charge deficiencies due to isomorphous substitution, like those of 
the smectite group, have anion exchange capacities roughly one third of 
their cation exchange capacity, 30 meq/100g versus 100 meq/100g 
respectively, due to the greater surface charge density.
Cation exchange is largely responsible for the volume change 
characteristics of expanding lattice minerals. Once a cation is 
adsorbed it can be replaced by a different cation provided the 
replacement cation meets one of the following criteria: 1) higher 
valency than the existing cation; 2) decreased hydrated cation size;
3) increased concentration of replacement cations in the fluid medium;
4) increased replacing power. A thorough discussion of these factors 
is given by Grim (1968).
The rate of ion exchange can vary for different clay types 
depending on solution concentrations, temperature, pH, etc.
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Generally, the exchange rates for the kaolin minerals are almost 
instantaneous due to the accessibility of adsorption sites. Longer 
reaction times are required in the smectite minerals because the major 
part of the exchange capacity is within the interlayer region 
(Mitchell, 1976).
C. THE ADSORBED LAYER
The adsorbed layer consists of the oriented water molecules or 
other adsorbed solvent molecules in addition to hydrated cations that 
are tightly bound to the surface of the clay mineral (Lambe, I960). 
Other water in the clay-water system is known as free or bulk water and 
is subject to flow.
Several possible mechanisms have been suggested by Low (1961) for 
clay-water interaction. They include: 1) hydrogen bonding of water 
molecules at the clay surface; 2) hydration of the exchangeable 
cations (More water would be required here than for case 1 for the same 
surface, thus increasing the competition for the water molecules at low 
water contents); 3) attraction by osmosis; 4) dipole orientation in 
an electric field; 5) attraction by London dispersion forces.
A portion of the adsorbed layer will become free water as the 
surface-bound cations are in a less dense configuration at higher water 
contents. The thickness of the adsorbed layer is expected to extend 
only a limited distance outwards from the surface (Grim, 1968) and is 
most developed from the basal plane of the expanding lattice
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minerals. The possible thickness of the layer is small on the irregular 
surfaces, such as those found as a result of broken edges. Beyond a 
short distance the water exists as a free liquid.
Adsorbed water has a different structure than free water and there 
may be high lateral mobility of the adsorbed water molecules. The 
different orientations of the adsorbed water molecules would suggest 
different properties associated with the adsorbed layer. Martin (I960) 
studied the density of the adsorbed water and found for water contents 
less than those needed to give a layer three molecules in thickness 
that the density was greater than that of normal water. However, at no 
water content did he find the density to be the same as that of ice.
As a result of increased density and oriented structure of the 
adsorbed water it follows there should exist differences in viscosity 
and ion mobility with respect to those of normal water. Low (1961) 
stated that available data supported a quasicrystalline structure for 
adsorbed water that should exhibit non-Newtonian flow, higher than 
normal viscosity, and a threshold gradient below which flow would not 
develop. However, fluid flow data obtained by Martin (I960) indicated 
that the adsorbed water, whatever its structure, behaved as a Newtonian 
liquid.
D. THE DIFFUSE DOUBLE LAYER
The diffuse double layer is the term used for the layer between the 
charged surface and the bulk liquid (Mitchell, 1976). Close to the 
surface there is a higher concentration of oppositely charged ions
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(counter-ions) in the electrolyte and lower concentration of like 
charged ions. This distribution is due to electrostatic forces and 
extends to a point where the concentration is equal to that of the free 
water.
The Guoy-Chapman theory pertains to the double layer and has been 
applied to the behavior of clays with varying degrees of success 
(Mitchell, 1976). A thorough discussion of the Guoy-Chapman theory is 
given by van Olphen (1965).
Some confusion may arise in the terminology between the double 
layer and the adsorbed layer. It is widely held that in a saturated 
clay the two terms may be interchangeable. However, Lambe (I960) 
considers the the adsorbed layer as the most tightly held part of the 
double layer.
E. THE STRUCTURE OF THE CLAY MASS
The structure of the clay mass refers to the arrangement of the 
clay particles with respect to each other. The primary structure is the 
orientation of the clay particle with respect to the adjacent clay 
particle. The secondary structure concerns the mass on a larger scale 
and is influenced by environmental effects (stress history, moisture 
change, etc.) after the formation of the clay and includes cracks, 
joints and fissures.
The primary structure of the clay will either be flocculated or 
dispersed. Figure 1 shows the alignment of the particles for the 
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Modes of particle association in clay suspension (After van Olphen, 
1963). (a) Dispersed and deflocculated. (b) Aggregated but
deflocculated. (c) Edge-to-face flocculated but dispersed, (d) 
Edge-to-edge flocculated but dispersed, (e) Edge-to-face flocculated 
and aggregated, (f) Edge-to-edge flocculated and aggregated, (g) 
Edge-to-face and edge-to-edge flocculated and aggregated.
Figure 1. Structure of Clay Mass
(Mitchell, 1976)
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The flocculated structure occurs when the particles are aligned in 
an edge-to-edge or edge-to-face configuration (van Olphen, 1965). 
Typically, particles with a thin diffuse double layer will develop a 
flocculated structure.
A face-to-face orientation of particles is termed a dispersed 
structure. The particles usually have thick double layers and 
increased repulsive forces. The permeability will be significantly 
less for a dispersed structure than for the same clay in a flocculated 
state.
The structure of a compacted clay mass will be pedular or 
aggregated, similar to that in Figure IB. The spaces between 
aggregations, or peds, are referred to as macropores, and are 
responsible for a majority of the flow (Rogers, 1983).
The moisture content of the soil has a great influence on the 
structure of the clay. Clays that are compacted drier than their 
optimum moisture content will yield a flocculated structure with 
clearly defined peds. Clays compacted at a moisture content wetter 
than the optimum will produce a largely dispersed structure with few 
clearly definable peds.
Cracks, joints, slickensides, and concretions are the most common 
features in the secondary structure. These discontinuities may arise 
through dessication, chemical reactions with the pore fluid or through 
the influence of an applied stress.
The clay structure has a large influence on the conductivity of the 
clay mass. Changes in the secondary structure can provide a means for 
significant flow changing the permeability by orders of magnitude.
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F. CLAY-PERMEANT REACTIONS
The changing or alteration of a pore fluid can bring about changes 
in the clay-permeant system by affecting the adsorbed layer and fluid 
flow by changing the flow properties. Through vehicles such as ion 
exchange and surface chemistry reactions, permeabilities for a given 
clay may be subject to order of magnitude changes.
Inorganic permeants have been subjected to significant testing 
through the years. This is largely due to their known presence in 
natural and man-made environments. Significant knowledge of effects of 
inorganic solutes is available and therefore a more thorough analysis 
of the clay-permeant system is possible.
In recent years an emphasis has been placed on testing liquids from 
hazardous waste landfills. Clays are often subjected to permeant 
solvents and solutes that have been deposited in landfilled areas.
These liquids are often organic in nature hence significant research 
has been done in organic permeant-clay reactions.
The thickness of the adsorbed layer may change based on permeant 
changes such as ionic concentration, valency of the ions, hydrated ion 
size or affinity of the solvent for the clay. The change in thickness 
of the double layer can affect the permeability by changing the 
effective pore space, changing the structure, or even changing the 
secondary structure due to a loss of plasticity and subsequent 
hydraulic fracture.
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Kaolinite is relatively acid resistant. However, some clays, such 
as iron-rich chlorite, are susceptible to dissolution. Dissolution of 
certain clay minerals caused by a strongly acidic or basic permeant 
increases the permeability due to an increase in pore space created by 
the loss of mass. Gases can form within the system resulting in 
increased permeability. This situation is most common with carbonate 
minerals in the clay reacting with acidic permeants liberating carbon 
dioxide.
A precipitate may form within the pores as a product of the pore 
fluid reacting with the advancing permeant and a decrease in 
permeability can result.
The oil removal process has put some of these reactions to use in 
recovering oil from soil and rock formations. Injection of organic 
acids will increase permeability by dissolution of the soil particles. 
Injection of acetic or formic acids (Hurst, 1970) and citric acids 
(Johansen, 1951) have been shown to increase the pumping rates of 
wells.
The polarity and dielectric constants of the permeants also have an 
effect on permeabilities of clay by altering the thickness of the 
diffuse double layer. Mesri and Olson (1971) tested kaolinite, illitic 
and smectitic soils with four organic permeants. The four permeants 
all resulted in higher permeabilities than if water was used since 
water has a high dielectric constant compared to other permeants. 
Several other researchers (White, 1976, D'Appolonia, 1981, Merguerian, 
1981, Gilligan, 1983, among others) have shown higher permeabilities 
for organic permeants than with water.
Organic solvents that have very low solubilities in water typically 
have a lower permeability associated with them than with water in 
saturated clays. Green, Lee and Jones (1981) used an octanol/water 
partition coefficient as an indication to the system’s permeability. 
Higher coefficients resulted in lower permeabilities.
Organic solvents can be adsorbed onto the clay surface and become a 
part of the adsorbed layer. Adsorption of organic materials can occur 
by any of the following mechanisms (Fort,1984): 1) electrostatic
attraction of organic cations and anions due to broken bonds and/or 
lattice substitution; 2) enhanced adsorption in the presence of 
polyvalent cations due to the formation of of a cation bridge after 
displacement of a water molecule from the hydration shell of the cation 
by an anion in the organic group; 3) anions are adsorbed by 
electrostatic interaction by polyhydroxy complexes ((Al,Fe)(OH)x 
(H20)^_x), which form when the pH is less than 8 and A1 and Fe^ 
exist in exchangeable positions; 4) penetration of the organic anion 
into the aluminum coordination position of the octahedral layer 
(Mortland (1975) found that such reactions occur only between 
polyvalent cations and highly polar organic compounds); 5) hydrogen 
bonding of the organic ion to a hydrating water molecule where the 
water molecule acts as a bridge between the cation and the organic 
species; 6) hydrogen bonding between alcoholic and amino functional 
groups and the oxygens of the silicate surfaces; 7) van Der Waal’s 
forces; 8) polymerization involving the the intermolecular hydrogen 
bonding between organic species on the clay surface.
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G. FLUID FLOW THROUGH SOILS
Fluid flow through porous media has been studied by many people. 
Since the clay mass under study is a porous medium, some fluid flow 
concepts can be applied. Much of the information in this section is 
detailed in textbooks by Hillel (1982) and Bear (1972).
1. Forces Driving Fluid Flow. Differences in potential energies of 
water between one point and another give rise to the flow of water 
within a soil. The gravitional, pressure and osmotic potentials all 
play a role in fluid movement as it exists in nature. The pressure 
potential is principally responsible for movements of larger volumes of 
fluid.
The magnitude of the pressure potential is dependent on the 
moisture content of the soil. In clays with low degree of saturation, 
a subatmospheric pressure, or suction, is responsible for moisture 
movement while saturated clays have to rely on positve potentials from 
applied pressures.
The potential energy in unsaturated soils is from capillary and 
adsorptive forces in the soil matrix. The capillary action is a result 
of the surface tension of water and its contact angle with the solid 
particles. In an unsaturated (three phase) soil system, curved menisci 
form and obey the capillarity equations. However, adsorption of water 
(influenced by double layer and exchangeable cations present) occurs 
and the combined effect of the two mechanisms cannot be divided for 
separate analysis and must be evaluated as matric potential and not as 
capillary potential alone (Hillel,1982).
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As water is presented to the unsaturated soil, a gradient is created 
and the water flows to the point of greatest suction. While the fluid 
flow is occurring, the moisture content is changing and the suction 
decreases until it is equal to the gravitational potential. Flow after 
the matric potential has been fulfilled will be due to any gradient of 
applied pressure.
In clays at low moisture contents, matric suctions can be quite 
high. Even in kaolinite, suctions have been measured as high as 80 
atmospheres (Hamilton et al,198D.
2. Surface Energies During Flow. As a fluid moves through a soil, 
the existing fluid (gas or liquid) can be displaced by one of two means 
(Bear, 1972):
a) Miscible displacement. The interfacial tension between the two 
fluids is zero and the two fluids dissolve in each other. In ground 
water hydrology, this type of flow is referred to as hydrodynamic 
dispersion.
b) Immiscible displacement. In this case, simultaneous flow of two 
or more immiscible fluids occurs. The interfacial tension is non-zero 
and a distinct fluid-to-fluid interface separates the fluids within 
each pore. A capillary pressure difference exists across the interface 
at each point on it.
To clarify, the surface tension is defined as the measure of the 
work required to increase the area of a surface by one unit at constant 
temperature, pressure, and composition (Osipow, 1962).
The two major factors affecting surface tension that apply to flow 
through unsaturated soils are pressure and fluid surface curvature.
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As pressure increases, more gaseous molecules come into contact with 
the air-water surface reducing the inward attraction of the surface 
molecules thereby reducing the surface tension (Osipow, 1962).
The curvature of a surface is directly related to the surface 
tension. Increasing the curvature in a bubble will increase the 
pressure of the air inside. Consequently, the increase in air pressure 
results in an increase in surface tension in order for the bubble to 
retain its shape.
3. Conditions During Flow . With decreasing moisture content the 
larger pores will empty and flow occurs through increasingly smaller 
pores resulting in increasing tortuosity and decreasing cross sectional 
area for flow (Hamilton et al, 1981). At lower moisture contents the 
water films attracted to the clay's surface become thinner. The 
cations in these films are subject to increased competition for 
adsorption sites and their density will increase. This is especially 
true in three layer clay minerals with high exchange capacities.
As the water content increases, the adsorbed layers become larger 
and, once charge deficiencies are satisfied, bulk water is present. 
Figure 2 shows the possible transition of a clay at a low moisture 
content to a nearly saturated state caused by flow through the soil.
The first stage is shown in Figure 2A. The large pores are 
interconnected and the water films are thin. The transistional stages 
show the completion of the adsorbed layer, the developing thickness of 
the bulk water, and the increasing curvature of the now
18
Figure 2. Probable Sequence of Air Entrapment During Permeation
19
entrapped air. In Figure 2d the surface tension on the bubble is 
stronger than the force trying to drive it out and through the pore 
opening and the bubble remains in the interstices reducing the 
cross-sectional area for flow.
An important factor affecting the flow rate through the porous 
media is the applied pressure gradient. At higher gradients the 
driving force behind the fluid flow is greater and may overwhelm any 
resistance due to interfacial energy.
H. SUMMARY
Clay minerals are predominantly grouped into two layer and three 
layer categories. The exchange capacity is dependent on the means by 
which the charge deficiency was formed.
A saturated clay consists of clay particles surrounded or nearly 
surrounded by hydrated cations and the pore fluid. The thickness of 
the double layer will be influenced by the valency of the cation, 
properties of the pore fluid, ionic concentration, and the surface 
charge density. Therefore in expanding lattice minerals such as 
montraorillonite, the distance between the particles is also a function 
of the above properties.
The structure of the clay mass has a strong influence on the 
conductivity of the system. A more flocculated structure has more pore 
space available for flow than does a clay with a dispersed structure. 
The presence of joints or fissures within a clay mass can
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increase the conductivity several fold over the conductivity through 
the clay matrix.
Reactions between the pore fluid and the advancing permeant can 
alter the pore space available for flow. Dissolution of clay minerals 
may occur, gases may form within the pores, or precipitates may form a 
result of clay-permeant reactions.
The flow of the fluid through the soil is dependent on the moisture 
content of the soil. In unsaturated clays, a matric suction exists 
that draws fluid into the pores. In saturated clays the gradient of 
applied pressure is responsible for flow. Interfacial energy will play 
a role in the displacement of existing fluids by advancing perraeants.
The permeability of the clay-water system can be changed by 
providing a means to alter any of the factors stated above. Any change 
that would affect the allowable pore space for flow directly affects 
the conductivty of the system.
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III. MATERIALS AND METHODS
As permeability testing evolved from its early stages, various 
laboratory equipment and techniques have been used. This chapter 
describes the methods used in this research and reviews equipment and 
procedures used by others.
A. LABORATORY PERMEABILITY TESTING EQUIPMENT
Laboratory permeability tests have been performed using three basic 
types of equipment. They sire the fixed or rigid wall permeameter, the 
consolidation cell permeameter, and the triaxial or flexible wall 
permeameter.
The fixed wall permeameter has been used extensively in the past. 
The major drawback in the operation of the apparatus is the fixed wall 
itself. There is no control of confining stress and no way to insure 
intimate contact between the confining ring and the soil specimen.
Flow has been observed between the specimen and the wall (Green, Lee 
and Jones, 1981). When permeants are used that promote shrinkage in 
some clays there is no means to avoid a short circuiting of the 
permeant around the sides of the specimen. The test has fallen out of 
favor when fine grained soils are to be evaluated (Zimmie, 1981).
Results of consolidation tests have been used to determine the 
permeability of fine grained soils. The values obtained by this method 
tend to be quite variable with respect to those found using the 
flexible wall test (Zimmie, 1981). Carpenter (1982) corroborated this
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in his comparative study of permeability testing techniques. In 
comparison with rigid wall test results, the consolidometer method does 
not fare well at all. Olson and Daniel (1981) compiled results over a 
twenty year period and found the ratio of measured permeability using 
the fixed wall permeater to permeability determined using the 
consolidation cell varied from 0.9 to 2000.
The triaxial or flexible wall permeameter is the most suitable 
equipment for determining the laboratory permeability of fine grained 
soils (Carpenter, et al, 1982). The triaxial device is not new to 
permeability testing. Its use in Europe preceded its adaptation to 
strength tests.
The major factor in the success of the triaxial permeameter is the 
flexible wall surrounding the specimen. The stresses can be controlled 
to model the field stresses. The application of the cell pressure 
results in a tight seal around the specimen and no short circuiting of 
the fluid occurs.
Another advantage in the triaxial method is the ability to use back 
pressure to aid in the saturation of the sample. This provides 
critical information in the evaluation of clay liners.
The triaxial flexible wall permeameter (TXFW) used in this investi­
gation was designed for precise permeability measurements using organic 
solvents. Two identical units were built in the University of 
Missouri-Rolla shops in 1983 and six more were constructed in 1985.
The design was based on the existing TXFW permeameters used by 
Carpenter (1982) and Uppot (1984) in their investigations. The setup,
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shown on Figure 3, consists of a measuring and control panel, a 
triaxial cell, a volume change indicator and an air-water interface.
The main objectives of the design were: 1) precision in the 
measurements of pressures and flows; 2) measurement of volume change 
of the sample during testing; 3) use of larger diameter (6.35 cm, 2.5 
inches) samples; 4) elimination of air from the lines; 5) chemical 
resistance to the organic solvents to be used, and; 6) facility of 
safe and easy handling of the toxic permeants. Each part of the unit 
is described below.
1. The Measuring and Control Panel. All system controls and 
measurement devices for pressures and flows are located on a single 
panel. A photograph of the panel can be seen on Figure 4.
Air pressure from a 100 psi (690 kPa) source enters the panel, is 
regulated and distributed to the air-water interface connected to the 
cell and to the top of the of the inflow and outflow stand tubes on the 
right and left side respectively of the panel. Gages on the panel 
roughly monitor the pressures, which are precisely measured by a 
calibrated pressure transducer. A backup system was installed using 
two nitrogen pressure tanks regulated at 90 psi (621 kPa) in the event 
of a failure disabling the primary system.
The permeant flow lines consist of inflow and outflow glass stand 
tubes, their connecting lines to the cell, the glass permeant storage 
reservoir, and the recharging lines from the reservoir to the stand 
tubes. The permeant is stored in the reservoir and, by the operation 
of the valves, can be accessed for recharge of the stand tubes.
24Figure 3* Schematic of Triaxial Cell Permeability Test Setup
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Figure 4 Triaxial Cell Permeability Test Setup
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Pressures are applied at the top of the inflow and outflow stand tubes 
to create the required gradient. During the test, the permeant level 
will fall in the inflow stand tube and will rise in the outflow stand 
tube. The heads are read on the scales located beside the tubes.
There are two advantages in having pressurized stand tubes: 1) A back 
pressure can be applied to the sample in order to saturate it prior to 
testing; and 2) The difference between inflow and outflow indicates 
specimen volume change during the test of a saturated sample.
All permeant lines are of Teflon. Some of the panels are outfitted 
with brass valves and fittings while others use Teflon valves and 
fittings. Teflon ferrules are used in the fittings connecting the
glass stand tubes to the Teflon lines. The glass stand tubes have a
2 2cross sectional area that ranges between 0.121 in. (0.77 cm. ) and
0.122 in.2 (0.79 cm.2) and a length of 43.22 in. (110 cm.) The 
entire system was tested for leaks under a pressure of 60 psi (414 
kPa).
2. The Triaxlal Flexible Wall Permeability Cell. The acrylic 
cylinder has an internal diameter of 5 in. (12.70 cm.) and a height of 
7 in. (17.78 cm) The bases and the top caps of four of the cells are 
made of aluminum. Four other cells have Teflon bases and top caps.
The pedestal on the base for mounting the specimen has a diameter of 
2.5 in. (6.35 cm.) and a height of 1.5 in. (3.81 cm.). The top cap for 
the specimen has a diameter of 2.5 in. (6.35 cm.) and a height of 1 
inch (2.54 cm), and is also made of the same material as the pedestal.
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There are two permeant lines at both the base (the pedestal) and 
the top cap of the specimen. One of each is connected to the inflow 
and outflow lines coming from the control panel. The second of the 
lines is brought outside the cell and can be opened or closed by 
valves. These dual lines facilitate the flushing of air from the 
system and also make it possible to replace one permeant by another in 
both the inflow and outflow lines right up to the porous stones above 
and below the specimen. In addition, samples of the effluent can be 
obtained during a test. The top of the cell is connected to the 
air-water interface through the volume change indicator.
Soil samples, 2.5 inches (6.35 cm) in diameter with height up to a 
maximum of 2 inches (5.08 cm), can be tested in the cell. The porous 
stones are silicon carbide (Norton grade, P 2120), 0.5 in. (1.27 cm)
_ Qthick. They have a permeability of 3 x 10 Jcm/sec.
Since latex membranes are not chemically resistant to the organic 
solvents used, a Teflon film with an inner coating of silicone grease 
is used inside the outer latex membrane. The latex membrane provides 
elasticity to the confinement of the specimen.
3. The Volume Change Indicator. The volume change indicator (VCI) 
Is normally used to measure volume change during consolidation in a 
triaxial compression test. Since the VCI, in this setup, will be 
connected to the cell and not to the specimen, as is normally done in 
triaxial testing, it was thought that its readings would be affected by 
the volume change of the cell and the cell water due to change in 
temperature. During a calibration using a water bath, it was found 
that since both the cell and the cell water change In volume, the net
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change indicated by the VCI is negligible. A change from 22°C to 
26°C in the laboratory ambient temperature will cause a net change in 
volume of 0.2 cm , which is negligible compared to a 5% volume 
change in the specimen (2 cnr). Moreover, the laboratory ambient 
temperature is maintained at approximately 25°C. Hence the effect of 
temperature on the VCI readings was neglected.
Another effect on the VCI readings is the volume change of the clay 
sample itself due to primary and secondary consolidation. Creep in the 
acrylic cell wall at even moderate pressures can also have an effect on 
the VCI readings. Very minute leakage and evaporation of cell water 
through fittings and joints will also affect the readings. All the 
above phenomena are manifested as a continuous volume decrease by the 
VCI. This decrease in readings has been determined by calibration 
tests for both the clays tested and it has been taken into account in 
determining the volume change due to clay-permeant reactions.
As stated earlier, the volume change of a saturated specimen is 
also indicated by the difference between the inflow and the outflow 
volumes measured by the stand tubes. Hence the readings given by the 
VCI can be roughly checked against the difference between the inflow 
and outflow readings. However, it is to be noted that the inflow and 
outflow readings are also affected by the secondary consolidation of 
the specimen. In unsaturated samples, the volume change can only be 
monitored by the VCI as there can be no fluid in the stand tubes prior 
to permeation.
29
Despite all the above factors that affect the VCI readings, it was 
found that the VCI was capable of registering small volume changes due 
to clay-permeant reactions that occur within as short a time as is 
required for one pore volume flow and could also measure large volume 
changes that occur during several pore volumes of flow. However, small 
volume changes that occur over several pore volumes of flow are not 
easily detectable by the VCI.
4. Specimen Compaction Equipment. A 2.47 in. (6.30 cm.) diameter 
mold, 4 in. (9.80 cm.) in height, was used to contain the sample during 
compaction. The load during compaction was applied using the Materials 
Testing System Unit 810. The apparatus was used in the stroke 
controlled mode and the resistance was measured using 2,500 lb. (1136 
kg.) load cell.
B. CLAY AND PERMEANTS
Kaolinite was prepared at three different moisture contents, 
compacted, and permeated with a standard permeant and two organic 
solvents.
1. The Clay. The clay is a kaolinite known as a Kentucky Ball clay 
(commercisilly available from K-T Clays, Inc., Louisville, Kentucky).
The clay was selected because kaolinite represents one of the more 
permeable clays because of its large particle size relative to 
montmorillonite, and its low exchange capacity and lack of interstitial 
swelling provides a simpler analysis of flow characteristics.
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2. The Permeants. The use of a standard permeant is necessary to 
determine a reference permeability for comparison with results of tests 
on other clays. Many researchers have used local tap water as a 
permeant. The same inorganic ions in the groundwater are often found 
in the regional tap water making deaired tap water the choice of many 
investigators (Horst, 1982). Because water chemistry varies from site 
to site, a solid basis for comparison is difficult. Studies done by 
Gordon and Forrest (1981) have used distilled water. However, Olson 
and Daniel (1981) have stated that the use of distilled water will 
result in increased permeability due to the leaching of ions already 
present in the adsorbed layer. Carpenter (1982) and Uppot (1984) used 
a standard consisting of 1 gram of magnesium sulfate heptahydrate 
(Epsom salt), dissolved in 1 liter of deaired, distilled water. The 
basis for this is the occurence of magnesium in natural permeants.
Agronomists often use 0.01N calcium sulphate (the saturation 
capacity CaSO^ in water) for their tests. Olson and Daniel (1981) 
and Brown and Anderson (1983) used this permeant. Justification for 
the use of the permeant comes from the abundance of calcium ions in 
nature while calcium and magnesium are reasonably equal in hydrated 
size and replaceability.
a) Standard Permeant: The standard permeant used was 
solution of 0.^3 grams of calcium sulphate (CaSO^) dissolved in 1 
liter of distilled water (0.005 N). This normality was used instead of 
the 0.01 N solution to avoid having calcium sulphate form within the 
sample by exceeding the saturation capacity with existing calcium ions 
in the clay.
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b) Xylene: Xylene is a neutral, non-polar aromatic 
compound. It is virtually insoluble in water at 0.20 gm/1. at 25°C.
c) Aniline: Aniline is an aromatic base. Its solubility in 
water is 34 gm/1 at 25°C.
Table I lists permeants and their physical and chemical 
properties. These permeants were chosen to determine the effect of 
permeant solubility on the clay/water system. The ionic size of the 
permeants are nearly identical. Uppot (1984) used the same two organic 
permeants and found that little or no flow occurred through water 
saturated soils.
C. TESTING GRADIENTS
The use of field gradients in the laboratory is generally 
impractical. The typical range of field gradients is on the order 0.5 
to 10.0, making preliminary investigations all but impossible due to 
extensive testing time. Laboratory testing gradients are typically in 
the range of 20 to 200 with a good number test gradients reaching as 
high as 500.
Gradient is the change in head pressure over a given distance of 
fluid flow. Because there is an applied pressure behind a fluid-fluid 
interface, surface phenomena is influenced. Changes in contact angle 
on a fluid-fluid interface will occur with the degree of change 
dependent on the two fluids’ surface energy characteristics.
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Green, Lee and Jones (1981) used an average gradient of 20 with no 
surcharge pressure applied to the standpipe. Brown and Anderson (1983) 
used gradients of 60 for kaolinite and 360 for smectite. Horst (1982) 
used gradients ranging from 400 to 500. Uppot successfully used 
gradients as high as 831 with no apparent influence due to gradient.
Carpenter (1981) related permeability and gradient for samples of 
various dimensions. Results indicated that permeability increased with 
increasing gradient. He recommended the effective pressure at the 
outflow end of the sample not exceed the preconsolidation pressure. The 
samples tested were consolidated from a slurry and the effect of 




RELEVANT PHYSICAL AND CHEMICAL PROPERTIES OF 
ORGANIC FLUIDS USED IN THE TEST
Organic Density Viscosity Dielectric Water
Fluid Name at 25°C at 25°C Constant Solubility
(gm/cm ) (Centipoise) at 25 C at 25 C
(gm/1)
Aniline (Base) 1.02 4.40 6.9 34
Xylene (Neutral,Nonpolar) 0.87 0.81 2.4 0.20
1.0Water 0.98 80.4
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Dunn and Mitchell (1984) tested for the effects of hydraulic 
gradient on compacted samples and found irreversible changes in 
permeability had occurred. This was attributed to the migration of 
particles due to seepage forces.
D. METHODS OF SAMPLE PREPARATION
The types of samples used in permeability testing vary as the field 
conditions dictate. The use of slurry consolidated samples by 
D ’Appolonia (1981), Horst (1982), and Uppot (1984) represent the 
typical clay structure found in slurry-walls.
Compacted samples best model the conditions found in compacted clay 
liners. The method of compaction plays a role in the determination of 
the permeability. Dunn and Mitchell (1984) found that specimens 
compacted statically were consistently more permeable than if compacted 
by other means. The justification for using static compaction is based 
on Daniel's (1984) findings which states that laboratory tests often 
underestimate actual hydraulic conductivities of compacted clay liners 
by factors of 10 to 1000.
Static compaction induces the lowest level of shear strain with 
respect to other compaction methods. The lower level of shear strain 
should then produce a less dispersed structure than a clay compacted by 
other means under the same conditions and thereby have higher hydraulic 
conductivity (Dunn and Mitchell, 1984).
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E. PROCEDURE
1. Sample Preparation Procedure. The kaolinite was received in 50 
pound bags at a moisture content of approximately 1%. A portion of the 
soil was weighed and tap water was added to the soil until the final 
weight corresponded to the desired moisture content. The moisture 
contents were selected to yield the desired degree of saturation at the 
final compacted volume. The moistened mixture was allowed to cure at 
least 48 hours prior to compaction.
A measured amount of moistened clay was carefully placed into the 
2.5 inch (6.30 cm.) diameter compaction mold. The compaction mold was 
then placed in the Materials Testing System (MTS) loading frame. The 
apparatus was placed in the stroke controlled mode and the head 
lowered, compacting the soil until the head was slightly below the 
desired sample height. The head was then raised to the desired sample 
height and the soil allowed to rebound. A load cell was used to 
monitor the head load applied to the soil.
The sample was extruded and all pertinent physical dimensions and 
weights were recorded. The samples were wrapped, sealed in double 
plastic bags and placed in a moist room until needed for testing.
2. Permeability Testing. A hydraulic gradient of 277 was used to 
avoid exceeding the pre-consolidation pressure at the outflow end of 
the sample during permeation.
The samples were carved from the 2.0 inch (5.08 cm.) high compacted 
samples using a wire saw and a sharp knife. Usually two 0.5 inch (1.27 
cm.) samples could be obtained from one sample. Consolidation rings
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were used in the trimming process to ensure smooth, parallel ends.
A thin coating of silicone stopcock grease was applied to the 
inside of teflon film and wrapped around the sample. The coating and 
film provided the necessary protection for the membrane and aided in 
preventing any short circuit of permeant around the sample. The Teflon 
wrap had been used without the silicone coating but was found to be 
prone to short circuiting when sample diameters were slightly less than 
2.5 inches (6.30 cm.). When using xylene as the permeant, a 
combination of Teflon pipe dope and Teflon tape was used due to 
reactivity problems between the permeant and the silicone grease.
Once mounted, the cell was then filled with deaired tap water. 
Samples that were to be evaluated at 10056 saturation were then 
saturated using back pressure from the inflow and outflow standpipes 
and allowed to equilibrate under the current state of stress. A 
B-coefficient of 0.93 or better was typically achieved 48 to 72 hours 
after the procedure started. The volume charge indicator (VCI), 
mounted in-line between the air-water interface and the cell, was used 
to monitor the volume changes of the cell during the consolidation 
phase.
Consolidation of the unsaturated samples was accomplished without 
presenting water to the sample. Dry porous stones and dry filter paper 
were used. The cell pressure was set at 15 psi and the sample was 
allowed to equilibrate until the volume change was less than 0.1 ml 
over an 8 hour period as measured by the VCI. Upon analysis of the VCI 
data and calibration results, the samples did not require over an hour 
to come to equilibrium with the applied stresses needed for permeation.
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When permeation was to begin, the gradient was applied by 
increasing the pressure on the inflow side while maintaining the 
outflow pressure.
The unsaturated samples required no initial permeant on the outflow 
side. The permeant was introduced to the inflow standpipe and its 
initial level was recorded. The lines from the inflow and outflow 
standpipes and the cell were connected. Most of the air was bled off 
the inflow line bringing the permeant near the porous stone. Next, the 
gradient was attained by applying 5 psi to the inflow standpipe and 
leaving the outflow standpipe at atmospheric pressure. The valves were 
then opened and permeant levels and VCI readings were recorded every 
minute for five minutes and roughly every half hour until the first 
pore volume had passed through the sample. Readings were then taken 
every two to four hours depending on the flow rate observed during the 
passage of the first pore volume.
The saturated samples were introduced to the organic permeants 
after one to two pore volumes of standard permeant had passed through 
the sample. Readings from the saturated samples were recorded every 
half pore volume. The tests continued until the flow had stabilized or 
six pore volumes had passed through the sample.
After permeation, the specimen was removed and its weight and 
dimensions recorded. Half of the specimen was dried in a vacuum oven 
for moisture content and preparation for scanning electron microscopy. 
The other half of the sample was preserved for differential thermal 
analysis and thermal gravimetric analysis.
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The coefficient of permeability was computed by two methods. The 
first uses the falling head equation which was applied to the 
unsaturated samples until the effluent appeared in the outflow 
standpipe. The variable falling head equation was used thereafter to 
account for the difference in standpipes.
The hydraulic conductivity is initially computed and converted to 
permeability by correlating the relative viscosity and density of 
permeant to that of the standard permeant.
The equations used to calculate the permeability are given below:
a*L*ln(hi/hf)*Vr
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standpipes (cm)





where, a1,a2 = cross sectional area of inflow and outflow stand
p
tubes respectively (cm )
3. Other Tests. The tests described below were performed on the 
clays and permeants after permeation.
a) Scanning Electron Microscope Photography. Scanning 
electron photomicrographs were taken before and after permeation to 
examine changes in the soil structure that may have occurred during 
permeation. The specimens were obtained, after drying, from the 
interior of the samples and coated with carbon prior to observation.
b) Differential Thermal Analysis and Thermal Gravimetric 
Analysis. DTA and TGA tests were performed simultaneously on samples 
before and after permeation to examine changes that may have occurred 
within the double layer.
c) Chemical Analysis of Permeant and Cell Fluid. Total 
organic carbon content analysis was performed on the cell fluid in the 
tests to check for diffusion through the membrane or minute leakage
within the cell.
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IV. RESULTS AND DISCUSSION
Results of the permeability tests, scanning electron micrographs 
and differential thermal analysis were compiled and analyzed in order 
to determine relationships between quantity of flow and permeability, 
degree of saturation and quantity of flow, degree of saturation and 
permeability, and permeant solubility and permeability. These 
relationships are presented and discussed below.
A. RELATIONSHIP BETWEEN PERMEABILITY AND QUANTITY OF FLOW
1. Standard Permeant (0.005 N CaSO,)). The tests performed using
the standard permeant provided a reference permeability for comparison
of subsequent tests with other permeants. Two tests were performed on
saturated samples and one test each for samples at 50$ initial
saturation and 75$ initial saturation.
The permeability versus flow relationship under initially saturated
conditions is given in Figure 5. As shown, the permeability stabilized 
—8
at 6*10~ cm/sec. A second test, performed at a slightly lower
-8
confining pressure, resulted in a stabilized permeability of 8*10 
cm/sec. The difference in permeabilities was concluded to be 
negligible.
The sample intended to be at 75$ saturation was actually at 84$ 
saturation initially. The 2 inch (5.08 cm.) parent sample had been 
compacted to height slightly lower than desired. When the initial
_7




Water Saturation Permeated by .005N CaSO^
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cm/sec. This initially greater than that at 10056 saturation but it
—8
decreased and stabilized at 5*10"* cm/sec after the passage of 0.15 
pore volumes of flow. VCI readings indicated swelling occurred during 
this initial period equivalent to 1.3$ of the initial sample volume. 
After this stage, the VCI readings and permeability values remain 
nearly constant. It is believed that at this point of stabilized 
permeability, the sample had reached its final degree of saturation of 
96$.
The sample at a 50$ initial degree of saturation exhibited behavior
similar to the sample at 75$ initial saturation. However, the quantity
of flow required to approach saturation and stabilize permeability was
one half of a pore volume. As shown in Figure 5, the initial
—f)  —8
permeability decreases from 2*10~ cm/sec to 8*10 during this 
initial stage. The sample expanded by 4$ during this first stage of 
permeation. Subsequent consolidation only reduced sample volume by 1$ 
resulting in a final volume increase of 3$.
As can be seen in Figure 5, the initial degree of saturation has 
little effect on the stabilized permeability. Also, the quantity of 
flow required to reach the stabilized permeability is the amount 
required to fill the existing air filled voids. This implies the 
initial flow saturates the specimen then subsequent outflow occurs at 
or near 100$ saturation of the soil, independent of initial moisture 
content.
The initial increase in permeability in the initially unsaturated 
samples can be attributed to decreased initial resistance to flow 
inside the pores. The air existing initially within the sample is
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easily driven out by the advancing permeant since the air is far less 
viscous than the existing pore liquid. As most of the air is purged, 
the advancing permeant is subjected to flow conditions similar to those 
present under saturated conditions.
The swelling during the first stage is probably due to the stress 
relief of the soil matrix as the pore pressure increases when the 
permeant enters the sample. As the sample nears saturation, the 
increase in volume stops since little additional stress is transferred 
to the pore fluid. Consequently, the end of volume expansion 
corresponds to the end of soil saturation and the permeability 
stabilizes. The VCI data supports the idea that saturation occurs with 
the initial permeation of the soil.
2. Aniline. Five tests were performed using aniline as the 
permeant. Two tests using unsaturated samples failed due to a short 
circuit of the permeant around the sample.
The permeability of the sample saturated with the standard permeant 
fell to zero upon introduction of aniline. This is attributed to the 
interfacial resistance being greater than the external pressure.
The sample planned to be at 75/6 saturation was actually at 84%
saturation initially. The original sample had been compacted to a
height slightly lower than desired. The permeability initially
-8 -9
decreased from 1*10 cm/sec to 1*10 cm/sec (Figure 6). At this 
point the permeability begins to stabilize. The degree of saturation 
was 87% at this point. Upon removal, the soil saturation was 87%, 
suggesting that no further saturation occurred from the point at which 






Figure 6. Comparison of Permeability Versus Flow for Various Degrees of




flow, a malfunction in the cell pressure regulator caused a 3 psi (20.7 
kPa) decrease in confinement pressure. Following adjustment of the 
confinement pressure, the VCI indicated a 2.5 ml increase in the volume 
of the cell fluid. It is apparent that after this point the 
permeability values begin to fluctuate. A total organic carbon content 
(TOCC) analysis of the cell fluid revealed an increase of greater than 
2,000 parts per million (ppm) of organic carbon by the end of the 
test. Considering the volume of the cell, this translates into a loss 
of aniline greater than 4 ml. The data recorded indicates loss of 5.4 
ml of aniline during this period.
It is thought that diffusion may have occurred across the membrane 
due to the extensive testing time (28 days). Leakage through the 
interior fittings is a remote possiblity. This would account for the 
scatter in the data after 0.4 pore volumes of flow.
The 50$ initial saturation sample showed a decreasein permeability 
during the first half pore volume of flow. After this initial
_7
decrease, the permeability stabilized near 1*10 cm/sec by the 
second pore volume of flow.
The VCI readings indicated swelling until the thirty-second pore 
volume (6 days). The expansion was 8.9$ of the initial volume with no 
apparent gas production from a membrane reaction.
3. Xylene. Eleven tests were performed using xylene as permeant. 
All but two tests had problems with short circuiting and reactions with 
membrane protectants and the membrane. The longest test lasted six 
days. TOCC analysis indicated no increase in the organic content of
the cell fluid.
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The saturated sample was totally resistant to flow by xylene. The 
interfacial energy between the two liquids is thought to be too great 
for displacement of the existing pore fluid by xylene to occur.
_7
At 75% initial saturation, the permeability decreases from 5*10 
-9
cm/sec to 6*10 cm/sec (Figure 7). At this point, the degree of
saturation is 89$. The permeability does not stabilize at this point,
as expected, and suggests that a short circuit may have occurred.
However, inspection of the sample at the conclusion of the test could
find no visible signs of short circuiting. The VCI indicated an
increase in the volume of cell fluid until the permeability reached 
-9
6*10 cm/sec, then decreasing volume change was observed until the 
end of the test.
—6 ~7
A decrease in the permeability from 4*10 cm/sec to 6*10 
cm/sec occurred during the passage of the first half pore volume of 
xylene in the 50$ initial saturation sample (Figure 7). The VCI 
readings and the permeability stabilized at this point suggesting the 
sample was near saturation from this point until the end of test.
B. RELATIONSHIP BETWEEN DEGREE OF SATURATION AND PERMEABILITY
The degree of saturation of the specimen can be calculated at any 
given point in time provided the volume of the sample, the inflow 
volume, and initial degree of saturation are known. These values can 
then be related to permeability for the same point in time. Figures 8, 
9, and 10 show plots of permeability versus degree of saturation for 





Figure 7. Comparison of Permeability Versus Flow for Various Degrees of
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Figure 10. Comparison of Degree of Saturation and Permeability for Xylene
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In Figure 8, the curves from the 84% initial saturation and the 50% 
saturation tests and the point from the 100% saturation test with the 
Standard permeant differ only slightly. Figures 9 and 10 show plots of 
permeability versus degree of saturation for aniline and xylene, 
respectively. A significant difference can be noted between the curves 
developed from the 50% initial saturation and other percentages of 
initial saturation results for each test. The difference is related to 
the amount of water existing within the sample at the start of the 
test. Since no water was observed to leach out from within the sample, 
the 50% initial saturation maintains 50% water in the voids while the 
remainder of the voids can be filled by the permeant. At 75% and 84% 
initial saturation, only 25% and 16% of the voids can be filled, 
respectively. As discussed earlier, the amount of water present in the 
voids influences flow characteristics and directly affects the 
permeability.
The degrees of saturation observed at the end of the tests were all 
below 100%. This indicates air and, in the case of aniline and xylene, 
water trapped in some of the voids. For aniline and xylene, the 
trapped water in the 84% and 75% initial saturation samples impeded the 
flow of the permeants similar to behavior observed in the 100% 
saturation samples. A trend is evident on Figures 9 and 10. The 
increase in the degree of saturation increases the number of voids 
filled with water and decreases the available space for intrusion of 
the permeants and subsequently reducing the permeability. This 
sequence is shown in Figure 2.
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C. RELATIONSHIP BETWEEN DEGREE OF SATURATION (Sr) AND QUANTITY OF 
FLOW
The degree of saturation can be calculated knowing the initial pore 
volume, total volume of the sample and moisture content. By monitoring 
the inflow volume and the volume of the specimen during permeation, the 
degree of saturation can be calculated at any given point in time.
For all the tests performed with initially unsaturated samples the 
time at which the degree of saturation nears 10056 is also the time at 
which the permeability stabilizes and sample expansion stops. Con­
sequently, this suggests the flow front is uniformly advancing through 
the soil rather than flowing through the large pores first and prog­
ressively through smaller pores. The latter is based on pore size 
distribution and in this case could be true if the sample contains a 
very small range of pore sizes. A large distribution of pore sizes 
would require the flow to occur through the large pores first then 
through the smaller pores. A factor that may influence the flow 
through the smaller pores is the magnitude of the external pressure.
The pressure may be high enough to overcome the increased resistance to 
flow generated by decreasing the pore space. An analysis for pore size 
distribution could not be performed because of equipment and time 
constraints.
D. PERMEANT SOLUBILITY AND PERMEABILITY
Xylene and aniline permeants have nearly the same ionic size and 
fluid properties but differ in solubility. The xylene is practically
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insoluble in water while aniline is soluble at 34g/l at 25°c.
The kaolinite is consistently more permeable to xylene than to 
aniline for a given degree of soil saturation. Because of xylene1s 
insolubility in water, the fluid will tend to flow through the sample 
without interacting with the clay mineral as it is protected by the 
water in the adsorbed layer. The scanning electron micrographs also 
show very little change in structure after permeation (Figure 11). The 
swelling during the initial stage of permeation is attributed to stress 
relief of the soil matrix as the pore pressure increases when the 
permeant enters the sample. The solubility of aniline makes it a more 
likely candidate to interact with the water in the sample. As the flow 
front moves through the soil, miscible displacement may occur and 
adsorption is possible. When miscible displacement occurs, the 
effective pore space available for flow is larger than if the bulk 
water does not mix with permeant. However, part of this greater pore 
space is occupied with water and the resistance to flow will be 
greater, due to energy lost in the mixing phase, than the case where 
permeant simply slides through the air filled pores along the bulk 
water surface.
While not evident in the sample with an initial saturation of 50%, 
the sample with an initial saturation of 75% displayed behavior 
suggesting a possible chemical reaction. The test took 28 days as 
compared to 4 hours with the 50% saturated sample and the reaction may 
be time dependent. The relationship with saturation and volume change 
suggested earlier held true but on the fifth day the VCI indicated 




Figure 11. Xylene Permeated Samples (50% Saturation) 
10,000 X Magnification
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sample was dismounted. Scanning electron micrographs suggest very 
little change in structure after permeation (Figure 12). Diffusion or 
leakage is a more likely explanation than adsorption for a volume 
change of this magnitude.
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(b) After




V. CONCLUSIONS AND RECOMMENDATIONS
A. CONCLUSIONS
The Triaxial Flexible Wall Permeameter (TXFW) was used to conduct 
permeability tests on a kaolinite clay with initial degrees of 
saturation of 50%, 75% and 100%. They were compacted statically to 
achieve a flocculated structure. A standard permeant (0.005N CaSO4) 
and two organic solvents (xylene and aniline) were used as permeants. 
The gradient for the permeability tests was 277.
The initial degree of saturation of the sample was inversely 
related to the permeability of the sample. At lower degrees of 
saturation the permeability was higher and decreased with increasing 
moisture content until a stabilized permeability was attained near 
saturation. With the two organic permeants, there was no measurable 
seepage into the clay when the samples were 100% saturated with the 
standard permeant. The samples with lowest initial degrees of 
saturation were more permeable to aniline and xylene than water. This 
point is important when applied to clay liners. Saturation of the 
liner with water will impede flow of these fluids and leakage will be 
reduced. However, if the liner is unsaturated the fluid will permeate 
the clay and infiltrate the substrata.
The quantity of flow required to saturate the sample is equivalent 
to the amount of air space within the sample. The initial permeation 
of the sample increased the degree of saturation of the sample until it 
was nearly saturated. The degree of saturation achieved after this
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initial stage remained constant for the duration of the test. In all 
but one of the tests, saturation of the entire void space with liquid 
was not achieved. The infiltration of the permeant into the un­
saturated clay purged much of the air but inevitably some remained 
trapped as bubbles within the soil matrix.
It appears that the solubility of the permeant in water inversely 
affects the permeability of soil to that permeant. The behavior of the 
xylene, virtually insoluble in water, suggested the bound water 
protects the clay mineral from interaction with the fluid and flow 
occurs through the clay/water system as it would in a non-adsorptive 
porous medium.
The higher permeability of the unsaturated kaolinite appears to 
contradict results published in the literature. The major difference 
is the technique used to initiate flow through the unsaturated soil. 
Hamilton, et. al., (1984) and others attributed this to the matric 
potential that exists within the soil. This study created an external 
pressure potential gradient across the sample in addition to the matric 
potential that already exists within soil. Consequently, the pressure 
potential overwhelmed any interfacial resistance that would have slowed 
the much lower matric potential.
B. RECOMMENDATIONS
The compaction of clay liners should result in a degree of 
saturation as near as possible to 100% when organic permeants such as 
those tested are likely to be present.
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A pore size distribution analysis of the clay would be useful in 
providing insight into the effect of the compaction process and 
structure, and uniformity of pore size. It would also be useful in the 
analysis of effective pore space, ionic size of permeant and the 
interfacial resistance of any entraned air.
The use of different external pressure gradients may help in 
determining to what degree the pressure potential influences the 
permeability in an unsaturated clay.
A dispersed clay structure could aid in determining the effect of 
pore size and distribution on permeability.
Different clays could be tested to determine the effect of exchange 
capacity and interfacial resistance on the permeability.
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